The lattice vibrations of undoped hexagonal Ga 1−x Mn x N ͑x from 0.0% to 1.5%͒ epitaxial films grown on c-plane sapphire substrates by metalorganic chemical vapor deposition have been investigated using infrared reflectance spectra in the frequency region of 200-2000 cm −1 ͑5-50 m͒ at room temperature. The experimental reflectance spectra were analyzed using the Lorentz oscillator model for infrared-active phonon observed. The E 1 ͑LO͒ phonon frequency slightly decreases with increasing Mn composition. However, the E 1 ͑TO͒ phonon frequency linearly increases with the Mn composition, which can be well expressed by ͑558.7+ 350x͒ cm −1 and the broadening values are found to be larger than that of the GaN film. It indicates that Mn incorporation decreases the peak values ͑from the E 1 phonon͒ of the infrared dielectric functions due to the local variation in the lattice constants and to the destruction of the crystal translational symmetry.
The idea of utilizing the spin of carriers in novel spintronic devices has led to efforts in fabricating and investigating appropriate new semiconductor materials during the past years.
1,2 Diluted magnetic semiconductors ͑DMS͒ based on III-V group semiconductors have attracted considerable interest as materials that can support the transport and storage of spin, and that can be integrated into existing electronic and optoelectronic devices.
3-5 Among these DMS materials, manganese ͑Mn͒-doped GaN ͑Ga 1−x Mn x N͒ epitaxial films attracted strong attention due to the theoretical prediction of room-temperature ferromagnetism in the nitrides using the Zener model. 6, 7 Experimental studies on the fundamental physical properties are still rare, however, there have been numerous reports of successful preparation of Ga 1−x Mn x N films and their magnetic properties. 4, 8, 9 Moreover, these reports mainly focused on the optical band gap energy and some important Mn ͑Mn 2+ , Mn 3+ , and Mn 4+ ͒ level transition energies in the Ga 1−x Mn x N films. The behavior of E 1 phonon modes ͑perpendicular to the c-axis͒ in these hexagonal materials, which are subject to local vibrational character, 10,11 is particularly interesting because of the important effects from the Mn incorporation with the GaN matrix. The lattice vibrations and dielectric functions of the Ga 1−x Mn x N films not only provide basic physical properties, but are also critical for developing the materials for optoelectronic device applications. Infrared ͑IR͒ reflectance spectroscopy is a nondestructive probe technique, which is an attractive and powerful tool for the optical characterization of semiconductor film materials. The E 1 phonon mode characteristics of hexagonal Al x Ga 1−x N films on silicon and sapphire substrates have been studied using IR reflectance spectra. 10, 11 Similarly, IR reflectance can also provide the information on the phonon modes of the Ga 1−x Mn x N films.
In this letter, the lattice vibration properties of Ga 1−x Mn x N epitaxial films deposited on sapphire substrates are investigated using IR reflectance spectra. Effects of Mn composition on the E 1 phonon modes and the dielectric functions are discussed in detail.
Hexagonal Ga 1−x Mn x N expitaxial films in a composition range from 0.0% to 1.5% were grown on c-plane sapphire substrates by metalorganic chemical vapor deposition ͑MOCVD͒. 4 The epilayers were deposited using a modified GaN MOCVD reactor with a vertical injection system. Initially, undoped GaN epilayers ͑sample A͒ were used as templates in order to obtain the mirror-like surfaces. Then Ga 1−x Mn x N epitaxial films were deposited on the GaN templates. More details of the growth process can be found in Ref. 4 . Near-normal reflectance spectra ͑ϳ8°͒ were measured at room temperature ͑RT͒ over the frequency range of 200-2000 cm −1 ͑5-50 m͒ using a Fourier transform infrared ͑FTIR͒ spectrometer as described before. 12 The s-polarized incident light was used in order to predominantly identify the E 1 phonon behavior in this work.
Due to the reststrahlen regions of sapphire overlapping with those of Ga 1−x Mn x N, and the interference effects in the transparent region, a model interpretation was applied to extract the phonon modes and dielectric functions of the Ga 1−x Mn x N epilayers. For sample A, a three-phase model ͑air/GaN/sapphire͒ was used. 12 Thereafter, the fitting parameters obtained were kept constant in all subsequent fourphase model ͑air/Ga 1−x Mn x N / GaN/sapphire͒ calculations for the Ga 1−x Mn x N films. The s-polarized light reflectance was used to reproduce the experimental spectra. The reflectance of the multilayer stack was calculated using Maxwell's equations assuming each layer to be isotropic. 12 The isotropic treatments are reasonable for the phonon modes, which are perpendicular to the c-axis under near-normal incident configurations using the s-polarized light. 10 Only the E 1 phonons are IR-active in the present measurements based on the selection rule. For polar semiconductor materials, IR dielectric functions of the Ga 1−x Mn x N films can be written as a͒ Electronic mail: uperera@gsu.edu
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Here, ϱ , LO , TO , ⌫, and represent, in order, the highfrequency dielectric constants, the longitudinal-optical ͑LO͒ phonon frequency, the transverse-optical ͑TO͒ phonon frequency, the broadening values of the E 1 ͑TO͒ phonon and the incident light frequency. It should be noted that the free carrier effects are neglected since the Ga 1−x Mn x N epilayers are nominally undoped. High free carrier concentration was ruled out by Raman studies, providing an upper limit of 10 16 cm −3 for doping, which was the detection limit of the applied Hall-effect measurements. 5 The experimental reflectance spectra for the Ga 1−x Mn x N epilayers with the composition x variying from 0.0% to 1.5% are shown in Fig. 1 ͑dotted lines͒. The broadening edge at 910 cm −1 is assigned to the reststrahlen band of the sapphire, which is close to the LO phonon frequency of 909 cm −1 . The reflectance strength is very small ͑about 20%͒ for the epilayers below the frequency of 300 cm −1 , indicating further that the contributions from the free carriers need not be considered. An interference effect beyond 1000 cm −1 ͑Ͻ10 m͒ is clearly observed for all films indicating that the epilayers are transparent in this region. For samples A and B, a sapphire like peak 13 is seen around 450 cm −1 . This peak splits into two peaks for the epilayers with higher Mn compositions. For sample E, the second peak is much stronger, which maybe due to the local vibrations from Mn alloy. There is also a dip at about 785 cm −1 in the reflectance spectra of the epilayers. This is due to an interference within the subwavelength thickness of the Ga 1−x Mn x N epilayers on the highly reflecting sapphire and the exact position varies with the different thicknesses. 10 The following simulations confirm this for the Ga 1−x Mn x N epilayers and give their respective thickness values.
The calculated reflectance spectra are also shown in Fig.  1 ͑solid lines͒. A good agreement between the calculated and experimental data is obtained in the entire frequency region. However, the small deviations can be observed due to the local vibrations from incorporated Mn atoms, which are not considered in Eq. ͑1͒. A more rigorous dielectric function model based on the random phase approximation ͑RPA͒ has been recently presented by Aguado et al. 3 However, the single oscillator model used in the present work still provides a good insight on the E 1 phonon modes observed. The bestfit parameters of the Lorentz oscillator model together with the fitting errors are listed in Table I . The thickness of the sample B with x = 0.3% ͑366.5± 5.9 nm͒ is the smallest compared to the other epilayers with thickness between ϳ1 and ϳ2 m. The high-frequency dielectric constants ϱ of the Ga 1−x Mn x N films vary from 5.08± 0.03 to 5.25± 0.05, which are slightly below the reported value of 5.35 for GaN.
11 Figure 2͑a͒ shows a composition dependency of the E 1 ͑LO͒ phonon frequency which may be expressed in the form ͑746.6− 160x͒ cm −1 with the Mn composition x. It shows that the E 1 ͑LO͒ phonon slightly decreases with increasing Mn composition. However, the E 1 ͑TO͒ phonon frequency increases with Mn composition as shown in Fig. 2͑b͒ lattice constant as the Mn composition increases from 0.0% to 3.0%. A similar structural change might be induced in the Ga 1−x Mn x N layers. IR reflectometry is better than Raman spectrometry for the study of the E 1 phonon modes because the close proximity of the E 2 ͑high͒phonon mode at 569 cm −1 and its strong intensity 14 limits the resolution in Raman studies. The broadening values of the E 1 ͑TO͒ phonon show a slightly increasing trend ͑from 5.0 to 9.6 cm −1 ͒ with the composition ͓Fig. 2͑c͔͒. Note that the values are nearly the same for the films with x = 0.3, 0.8, and 1.2. It indicates that the crystalline quality does not significantly change with the Mn concentrations studied so far. The Mn alloy reduces the bonding forces in the material and weakens the translational symmetry of the crystal lattice, which leads to a slight broadening of the E 1 ͑TO͒ phonon line. ͑16-20 m͒. In the transparent region ͑below 500 cm −1 ͒, the real part 1 of the dielectric function is 4.8 indicating the refractive index is about 2.2, which is closer to the reported values ͑2.2-2.3͒ obtained from the transmission spectra of GaN. 15 The peak position of the imaginary part ͓correspond-ingly to the E 1 ͑TO͒ phonon͔ shows a blueshift trend with increasing Mn composition. Moreover, the line shapes of the Ga 1−x Mn x N films are obviously different from that of the GaN film in the reststrahlen region ͑see the inset of Fig. 3͒ and become more broadened. As discussed above, the peak value of the GaN film is larger due to a smaller broadening value ͑5.0 cm −1 ͒. From this viewpoint, it can be also found that the effects from Mn alloy are significant for the properties of the E 1 phonon modes. In addition, the dielectric functions are the basic parameters for FIR detector designs. The total absorption of detectors based on the Ga 1−x Mn x N materials can be calculated using the obtained dielectric functions. At the wavelength of 20 m, the absorption coefficient of undoped Ga 1−x Mn x N films is about 10 3 cm −1 , which is much larger than the value ͑500 cm −1 ͒ of the GaN film as shown in Fig. 4 . It indicates that the introduction of Mn increases the absorption coefficient for the Ga 1−x Mn x N films in the FIR region. The results keep the promise for the designs of novel GaMnN / GaN FIR detectors. 16 In conclusion, the infrared optical properties of hexagonal Ga 1−x Mn x N ͑0.0% ഛ x ഛ 1.5% ͒ films deposited on sapphire substrates have been investigated using IR reflectance spectroscopy. The E 1 ͑LO͒ phonon frequency decreases and the E 1 ͑TO͒ phonon frequency linearly increases with the Mn composition. The dielectric functions of the Ga 1−x Mn x N films are slightly below those in GaN film in the reststrahlen region indicating a weakening of the local structural bonding in the wurtzite lattice due to Mn introduction. 
